INTRODUCTION
Glasses at temperatures below 1 K are known to exhibit a number of universal properties almost inde pendent of their composition and fundamentally dif ferent from the properties of similar crystals. These properties are traditionally described within the model of two level systems (TLSs) [1] . One of these proper ties is the presence of a two pulse dipole echo in glasses, which is the delayed response to two high fre quency electromagnetic pulses.
When a glass is subjected to two rf pulses with a fre quency of about 1 GHz separated by a time interval τ much longer than the pulse length, one can observe a response in the glass polarization at time τ after the second pulse. Especially interesting is the pronounced nonmonotonic magnetic field dependence of the two pulse echo amplitude observed at temperatures of Ӎ10 mK in the absence of paramagnetic centers in the glass [2] . The nature of this interesting phenomenon remained unclear until works [3] [4] [5] [6] , where this dependence was associated with the presence of atoms with a nuclear quadrupole moment in the glass.
Owing to the interaction of the nuclear magnetic moment with the external field (Zeeman interaction) and the nuclear quadrupole moment with the gradient of the internal electric field, the levels of the TLS split into two nearly identical series of levels. The charac teristic energies of such a fine structure are 10 -21 erg (corresponding to a frequency of about 100 kHz), which are much lower than the typical energy of 50 mK of the TLSs specified by the 1 GHz frequency of the excitation pulses. Since the internal field gradi ent is different at different position of the TLSs, the fine structure depends on the tunneling state of the TLS, which ultimately leads to the nonmonotonic magnetic field dependence of the dipole echo ampli tude [3, 5, 6] .
As a proof of this hypothesis, the results on measur ing the two pulse echo amplitude in glycerol (C 3 H 8 O 3 ) were presented [4] , in which the echo amplitude increased by more than an order of magnitude under the replacement of hydrogen with zero nuclear qua drupole moment by deuterium (whose nuclear spin is 1 so that deuterium has a small quadrupole moment).
These oscillations were theoretically studied in [4] [5] [6] [7] [8] . In particular, the qualitative explanation of the observed effect was given in [4] [5] [6] . In [7, 8] , numerical calculations of the dipole echo amplitude in glycerol in the magnetic field were performed and a good agreement with the experimental data was obtained.
In our previous work [9], we qualitatively and, in some cases, quantitatively compared our analytic expressions for the echo amplitude in glasses contain ing nuclear electric quadrupole moments directly with the experimental data. However, the existence of small oscillations of the dipole echo amplitude in glasses containing only spherical nuclei (without quadrupole moments), like in nondeuterated glycerol C 3 H 8 O 3 , remained unexplained until works [7, 8] . The presence of a small (0.037%) natural impurity of the 17 O iso tope, which also has a nuclear quadrupole moment, did not explain the apparent oscillations. The influence of a magnetic field on the dipole echo amplitude in glasses (at temperatures of about 10 mK) induced by the dipole-dipole interaction of nuclear spins has been theoretically studied. It has been shown that a change in the mutual position of nuclear spins at tunneling and the Zeeman energy E H of their inter action with the external magnetic field lead to a nonmonotonic magnetic field dependence of the dipole echo amplitude. The approximation that the nuclear dipole-dipole interaction energy E d is much smaller than the Zeeman energy has been found to be valid in the experimentally important cases. It has been shown that the dipole echo amplitude in this approximation may be described by a simple universal analytic function inde pendent of the microscopic structure of the two level systems. An excellent agreement of the theory with the experimental data has been obtained without fitting parameters (except for the unknown echo amplitude Fleishmann [7] suggested that the magnetic field dependence of the echo amplitude in the case of non deuterated C 3 H 8 O 3 may be caused by the dipoledipole interaction of the nuclear magnetic moments of hydrogen atoms (the spin and, respectively, the mag netic moment of the primary isotopes of carbon 12 C and oxygen 16 O are zero) rather than by the quadru pole interaction of the nuclei with the internal field. This interaction (along with the Zeeman interaction) induces a fine structure of the levels of the TLS, which depends on the tunneling states of the systems.
Oscillations of Echo Amplitude in Glasses in a Magnetic
Bazrafshan et al. [8] numerically calculated the echo amplitude in deuterated glycerol C 3 D 5 H 3 O 3 (taking into account all of the spins of hydrogen and the quadrupole moments of deuterium), assuming that the tunneling of the two level system is the rota tion of the glycerol molecule as a whole. Although the theory is in good agreement with the experiment in high fields and in semiquantitative agreement in low magnetic fields (in which the dipole-dipole interac tion is responsible for the effect), the assumption of the rotational character of tunneling was not justified.
This work is aimed at obtaining the analytical results for the magnetic field dependence of the dipole echo amplitude in the absence of nonspherical nuclei in the glass, so that only the dipole-dipole interaction of the nuclear spins is taken into account, and at com paring the results with the experimental data on non deuterated glycerol.
GENERAL THEORY OF THE MAGNETIC FIELD DEPENDENCE OF THE DIPOLE ECHO AMPLITUDE
Parshin [6] derived a general formula specifying the dipole echo amplitude in an arbitrary system, which consists of two sets of levels separated by an energy gap much larger than the splitting within the sets (1) Here, P echo is the dipole echo amplitude; V 1 and V 2 are the amplitudes of the first and second exciting electric pulses, respectively; E n are the fine structure energy levels of the TLS, N is the total number of the fine structure levels, and is the matrix element for the transition between the nth lower and mth higher levels of the split TLS during the action of the excitation pulses.
To use this formula, we have to find the fine struc ture energy levels and the matrix elements of the tran sition in an arbitrary magnetic field. For that, let us write the Hamiltonian of the system including, first,
the tunneling of the TLS atoms and, second, the ener gies of the nuclear spins, which form the fine structure: (2) Here, is the Hamiltonian of the TLS in the coor dinate representation (excluding the fine structure);
and are the identity matrices in the spaces of the TLS (2 × 2) and the nuclear spin projections, respec tively; σ z, tls is the Pauli matrix for the two level system; = dσ z, tls is the operator of the electric dipole moment d of the TLS; and F is the external (excita tion) field.
The spin operators and are, respectively, the symmetric and antisymmetric (with respect to the TLS shift) parts of the spin Hamiltonian (3) Here, = µ i /J i is the operator of the magnetic moment of the ith nuclei, is the operator of its spin, and H is the external magnetic field. The radius vector r ij ≡ from the ith to the jth nuclei may depend on the TLS position specified by Eqs. (1) and (2). The summation is performed over all tunneling nuclei. Consequently,
Note that the first term of spin Hamiltonian (3), which is associated with the external magnetic field (the Zeeman part), does not include vectors r ij that change under tunneling of the TLS and, therefore, does not contribute to the antisymmetric part of the Hamiltonian. The dipole-dipole interaction (the second term of Hamiltonian (3)) enters both operators and .
To find the quantities associated with the fine structure, let us rewrite Hamiltonian (2) in the basis consisting of the stationary wavefunctions of the bot tom and top levels of the TLS and the eigenfunctions of the operator for the spin variables: 
